The electronic properties of strained graphene/molybdenum disulfide (Gr/MoS 2 ) heterostructure have been studied by using density functional theory. It is known that the linear band dispersion relation of graphene undergoes insignificant changes in the case of graphene adsorption on MoS 2 monolayer, when the in-plane lattice symmetry is broken, resulting in formation of a small band gap of 2 meV. At the present study, the equilibrium optimized state, corresponding to the maximal 14 meV band gap offset at 4% biaxial compression and 3.28 Å interlayer spacing, was found. It is established that the strain, applying to the Gr/MoS 2 interface along x,y -directions, leads to a change in the interlayer distance, which is crucial for the band gap value. Our results suggest that such xy-plane deformations can be considered as a tool for selectively controlling value of the band gap, and will be useful for the design of the materials with desirably induced properties.
INTRODUCTION
At the present time, the study of two-dimensional (2D) atomic crystals is one of the leading topics in condensed matter physics and materials science [1, 2, 3] . Graphene, the first representative of 2D atomic-layer-based materials, in the past decade has triggered enormous interest due to its remarkable properties and potential applications [4, 5] . In particular, the anomalous Quantum Hall effect, observed in graphene [6] , the massless Dirac fermions as charge carriers [7] , long spin-relaxation lengths and times [8] , and its room-temperature ballistic transport [9] make it promising for development of new electronic nano-devices [10] .
Since the presence of energy band gap is a crucial property in electronics and optics, and graphene is a semimetal with a zero band gap, the semiconducting layered transition metal dichalcogenides (TMDs) are the most promising [11] . This is a class of materials with the general formula MX 2 , where M is a transition metal element and X is a chalcogen (S, Se or Te). The TMD monolayer consists of stacking X-M-X layers, so metal atoms are sandwiched between two chalcogen layers. There is strong covalent intralayer interaction, whereas the interlayer interaction is of the van der Waalse (vdW) type.
The 2D TMDs possess unique properties compared with their bulk counterparts. For example, molybdenum disulfide MoS 2 , the most studied among MX 2 materials, demonstrates the dramatic change from an indirect gap of 1.2-1.3 eV in bilayer (BL) to a direct gap of 1.8-1.9 eV in monolayer (ML) [12, 13] . In addition, MoS 2 ML also demonstrates promising characteristics, regarding high charge carrier mobility (about 500 cm 2 V −1 s −1 ), up to 10 8 ON/OFF current ratio in the transistor element [14] , and high mechanical strength [15, 16] . The possibility to combine graphene and related 2D materials in vertical stacks in a precisely chosen sequence has created a new class of vdW heterostructures, having potential application for various fields, including nanoelectronics, energy conversion and storage, nanooptics, and catalysis [17, 18, 19] . These hybrid systems demonstrate unusual properties that are not exhibited by individual layers, for example, the electron conductivity and electrochemical performance in Gr/MoS 2 heterostructure is higher than in MoS 2 ML [20] . Moreover, it has been reported in [21] that Youngs modulus of MoS 2 can be tripled by sandwiching it between two outer graphene layers.
The electronic properties of Gr/MoS 2 hybrid system undergo changes with the modification of interlayer orientation. The band structure of twisted Gr/MoS 2 BL, as in the case of nontwisted heterostructure, can be interpreted as a superposition of its constituent states. According to the direct measurement of the electronic structure of twisted Gr/MoS 2 heterostructure [22] , the contribution to the band dispersion, derived from the MoS 2 ML, is found to be twist-angle dependent, while the contribution from graphene layer is preserved with different twist angles. Predominantly for all twisted angles MoS 2 ML within the heterostructure becomes an indirect band-gap system. The first principle calculations results [23] show that the change, observed in electronic structures of twisted Gr/MoS 2 BL, with respect to rotational angles is a result of sensitive twist-angle dependence of the MoS 2 band structure on lattice strain, which is derived from layers commensurable condition for the supercell. In addition, the value of opened tiny band gap at Dirac cone behaves regardless of twist angle. In this work, by using first-principles calculations, we study the electronic properties of vdW heterostructures, consisting of graphene and MoS 2 MLs, under biaxial deformations. Our focus concerns the influence of structural deformations, such as in-plane extension and compression, on the tiny band gap value at Dirac cone in the electronic structure of Gr/MoS 2 hybrid system.
The concept of strain engineering in 2D materials is a powerful technique for tuning their physical characteristics. The electronic and optical properties of graphene or single MoS 2 layer are significantly changed by applied uniaxial or biaxial strain along different crystallographic directions [24, 25, 26, 27] . Therefore, the study of the influence of the in-plane deformations in the Gr/MoS 2 heterostructure could be useful in the design of the materials with desirably adjusted properties.
COMPUTATIONAL DETAILS
The ab initio calculations were carried out within the density functional theory (DFT) [28, 29] on the basis of projector augmented wave (PAW) method [30] implemented in VASP package [31] -a part of the MedeA R software of Materials Design [32] . The exchange-correlation interaction was described by the local density approximation (LDA) [33] . For atomic relaxation and band structure calculation a Γ-centered 6 × 6 × 1 grid and the plane wave energy cutoff of 400 eV was adopted. The structural optimization was carried out until the forces on each atom were less than 0.02 eV/ Å. The electronic convergence tolerance was set to 10 −5 eV. The interface of Gr/MoS 2 hybrid system, represented as a supercell, is illustrated in Fig.1(a) . The BL structure contained 5 × 5 lateral periodicity of the graphene and 4 × 4 lateral periodicity of the MoS 2 ML for implementation a commensurable condition between layers. This led to a small lattice mismatch ( 2%). The 20 Å vacuum region was added in the direction normal to the Gr/MoS 2 interface to avoid the interaction of the BL with its periodic copies.
The optimized in-plane lattice parameter for heterostructure was 12.33 Å. It corresponds to a slight stretching of graphene (less than 1%) and to the compression of MoS 2 ML (around 1%). The interlayer distance of 3.38 Å of the relaxed undeformed structure with a corresponding binding energy of −23.0 meV are very close to the first-principle predictions of 3.66 Å and −21.0 meV in [34] , or 3.32 Å and −23.0 meV in [35] .
The strain was applied in the zigzag direction of graphene and MoS 2 edges. Deformation effect was carried out by changing the lattice parameters along x and y direction, while keeping the z-direction stress free.
RESULTS AND DISCUSSION
The calculated electronic band structure of Gr/MoS 2 BL is illustrated in Fig.1(b) . The electronic spectrum seems to be a simple sum of pristine graphene (Fig.1(c) ) and MoS 2 ML (Fig.1(d) ). As reported in [35] , the charge redistribution breaks the equivalents of the two graphene sublattice, and the small band gap of 2 meV opens around the Fermi level at the K-point of the Brillouin zone [insert of Fig.1(b) ]. Thus it can be argued that the graphene is no longer possessing metallic properties with massless electrons, but acquiring a direct narrow fundamental energy gap.
It was established that biaxial stretching of Gr/MoS 2 BL by 1% leads to decreasing the band gap value to 1 meV, and the further deformations (by 2-5%) do not change this value (Fig.2(a) ). It is well-known graphene and MoS 2 are highly elastic materials with strong covalent bonding, therefore expansion of the heterostructure alters atoms position in xy plane only. In addition, interlayer distance increases (Fig.2(b) ), preserving the weak interaction between Gr/MoS 2 MLs. A completely different situation was observed when the heterostructure is compressed. The band gap value sharply increases from 2 meV up to 14 meV at 1-4% compression, respectively, and decreases with further negative deformations ( Fig.2(a) ). It was found that graphene, absorbed on MoS 2 ML, exhibits small buckling of 0.10 Å, (which is in good agreement with the previous calculations of 0.08 Å [35] ), and naturally increases up to 1.77 Å at the highest compression (insert in Fig.2(c) ) and decreases during expansion (Fig.2(c) ). The boundary conditions of the supercell probably affect to a period of the deformation waves, which are observed in compressed graphene. A detailed study of this assumption will be refined in subsequent investigations.
As notated in [35] , the band gap value is extremely sensitive to interlayer spacing: decrease of interlayer distance leads to increase the band gap. Fig.2(b) demonstrates the variation of minimal and average interlayer distances between graphene and MoS 2 MLs as a function of strain. The optimization procedure ensures equilibrium states of the Gr/MoS 2 BL under biaxial deformation. It is seen that negative strain is the reason for the monotonic decrease in the minimum distance curve, whereas average interlayer distance slightly decreases up to 4% compression, resulting the maximal band gap opening (14 meV), and fast increases with the further compressing, causing decrease of the band gap value. Such result could arise from coupling of graphene buckling effect and variation of interlayer spacing, and detailed analysis is beyond the scope of this paper. Evidently, even weak interlayer interactions between graphene and MoS 2 MLs significantly influence the band gap offset of the heterostructure, as it was showed in [35] , where by decreasing interlayer spacing the similar band gap value of 12 meV was reached at high-energy state, in contrast to our results, obtained at equilibrium.
CONCLUSIONS
The modern design of materials by highly accurate computer simulation methods opens the access to fine tuned materials properties, that could be verified by experiments. Our theoretical study presents one of the possible way to vary the electronic properties of Gr/MoS 2 heterostructure by the biaxial deformations. It is established that compression of the heterostructure in the xy-plane leads to a decrease of the interlayer distance, a significant curvature of the graphene surface, an energy band gap opening close to the Fermi level. The band gap value of 4% compressed hybrid system can be raised up to 14 meV compared to undeformed value. Biaxial expansions do not significantly change the band structure of Gr/MoS 2 BL. These findings can be important in the design of future nanoelectronic devices where high charge mobility, provided by graphene, and finite band gap are needed.
